Canine anal sac gland carcinoma (ASGC) naturally develops in the apocrine glands of the anal sac of dogs, accounting for 2% of all canine skin tumors and up to 17% of all perianal tumors in dogs \[[@r2], [@r16]\]. ASGC is an aggressive tumor described as both invasive and metastatic in nature, with reported metastatic rates of 47--96% \[[@r3]\]. Many studies reported that metastatic disease develops during the early disease process and occurs most commonly in the regional lymph nodes \[[@r3], [@r18]\].

To date, multiple treatment options have been described against ASGC including surgery, radiotherapy, and chemotherapy \[[@r3]\]. Although one of the most effective therapy for local control is surgical resection, wide resection is sometimes difficult due to its local invasiveness \[[@r24]\]. Recently, conformal radiation therapy was reported to be more effective for stage 3b ASGC than surgery, but not all patients can undergo the therapy because availability of conformal radiation therapy is limited \[[@r12]\]. As a systemic therapy, some chemotherapeutics such as carboplatin, cisplatin, and actinomycin D have demonstrated anti-tumor activity in the gross disease setting; however, the role of adjuvant chemotherapy in the treatment of ASGC remains poorly defined \[[@r27]\]. Recently, several molecular-targeted drugs were developed for canine tumors. Toceranib phosphate (Palladia) is a receptor tyrosine kinase inhibitor and targets toceranib phosphate including several members of the split kinase family such as VEGFR, PDGFR, Kit, CSF-1, and Flt-3 \[[@r9], [@r28]\]. A study reported that the clinical benefits of toceranib phosphate were observed in 28 out of 32 dogs with ASGC (8 with partial response and 20 with stable disease); however, side effects such as diarrhea, anorexia, and vomiting occurred in 66 out of 85 dogs \[[@r9]\]. Due to the aggressive nature of ASGC, more effective and less cytotoxic drugs to treat the tumors are required.

Human epidermal growth factor receptor 2 (HER2), a receptor tyrosine kinase, plays a crucial role in the development of normal tissue such as in the nervous system and mammary glands; however, it has also been known to regulate oncogenesis \[[@r4], [@r15]\]. HER2 has been reported to be strongly related to carcinogenesis of breast cancers via the activation of HER2-mediated signaling pathways caused by heterodimerization with ligand-activated HER1 or HER3 or by homodimerization when present in high concentrations \[[@r7]\]. Overexpression of HER2 has been reported in various human tumors such as breast, non-small cell lung, gastric, and ovarian cancers \[[@r10], [@r13], [@r20], [@r23]\]. In canine tumors, overexpression of HER2 has only been reported in mammary gland tumors (MGTs), osteosarcomas (OSAs), and transitional cell carcinomas (TCCs) \[[@r5], [@r6], [@r14]\]. Overexpression of HER2 is also related to poor prognosis in various types of human tumors \[[@r12]\]. HER2 is thought to be one of the therapeutic targets in these tumors, and several drugs targeting HER2 have been developed \[[@r1]\]. Trastuzumab (Herceptin), a humanized antibody directed against the extracellular domain of human HER2, is used to prevent the metastasis of human breast cancer \[[@r25]\]. Lapatinib, a small molecule acting as a dual epidermal growth factor receptor (EGFR) and HER2 tyrosine kinase inhibitor, is approved for the treatment of human patients with HER2-positive breast cancers \[[@r1], [@r8]\]. These HER2-targeted drugs were clinically beneficial in human patients with HER2-positive tumors \[[@r1]\]. In contrast, information on HER2-targeted therapies is limited in veterinary medicine.

HER2-targeted drugs would be one of the promising drugs for dogs with ASGC. In this study, we aimed to investigate the expression of HER2 in canine ASGC.

MATERIALS AND METHODS {#s1}
=====================

Sample collection
-----------------

To evaluate the mRNA expression of HER2, fresh tumor and normal anal sac tissues were obtained from dogs with ASGC and healthy beagles, respectively. The tumor tissue was surgically removed from ASGC cases at the Veterinary Medical Center of the University of Tokyo between April 2017 and April 2018. To investigate the immunohistochemical expression of HER2, paraffin-embedded tumor tissue of canine ASGC was analyzed. The tissue was surgically removed between January 2011 and December 2016. The tissue samples were diagnosed by veterinary pathologists certified by the Japanese College of Veterinary Pathologists at the Department of Veterinary Pathology at the University of Tokyo. All patients underwent the clinical staging, as previously described, by means of abdominal ultrasound examination, thoracic radiography, and computed tomography \[[@r18]\]. Fresh tumor tissue and metastatic lymph node tissue of ASGC were obtained from a dog to assess trastuzumab binding to canine HER2.

Permission for the collection and usage of resected tissue for this study was obtained from owners. Healthy dog tissue was obtained from healthy beagles euthanized for other experiments. All procedures were approved by the Animal Care and Use Committee at the University of Tokyo (Approval number: P17-074).

Semi-quantification of mRNA expression of HER2
----------------------------------------------

Total RNA was extracted and reverse transcribed using a transcriptase (ReverTra Ace, Toyobo, Osaka, Japan). Real-time polymerase chain reaction (PCR) was performed using a premix reagent (THUNDERBIRD SYBR qPCR Mix, Toyobo), specific primers for *her2* (Forward primer: CAGCCCTGGTCACCTACAA, Reverse primer: CCACATCCGTAGACAGGTAG), and a real-time PCR system (StepOnePlus, Thermo Fisher Scientific, Waltham, MA, U.S.A.). mRNA expression was analyzed using standard curve method, and expression values were normalized using *gapdh* (Forward primer: TGACACCCACTCTTCCACCTTC, Reverse primer: CGGTTGCTGTAGCCAAATTCA) as an internal control.

Immunohistochemical analysis
----------------------------

Canine ASGC tissue was retrospectively evaluated. All samples were fixed in 10% neutral-buffered formalin, embedded in paraffin wax, and cut into 4 *µ*m-thick serial sections. Paraffin-embedded tumor sections were dewaxed and rehydrated in xylene and graded ethanol. Antigen retrieval was then performed using Dako Target Retrieval Solution, pH 9.0 (Agilent Technologies, Santa Clara, CA, U.S.A.) by microwaving for 15 min at 750 W. After washing with tris-buffered saline containing 0.1% Tween 20 (TBS-t), endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol for 10 min. Specimens were then washed with TBS-t and incubated in 8% skimmed milk for 1 hr at 20--28°C to reduce non-specific binding before overnight incubation with primary antibodies, which included mouse IgG1 anti-HER2 monoclonal antibodies (clone: CB-11, Leica biosystems, Wetzlar, Germany) diluted 1:40, at 4°C in a humidified chamber. A negative control was incubated with purified mouse IgG1, κ isotype antibody (Clone: MG1-45, BioLegend, San Diego, CA, U.S.A.), under identical conditions. After washing with TBS-t, sections were incubated with a horseradish peroxidase (HRP)-conjugated anti-mouse antibody (Envision+ System-HRP Labelled Polymer; K4001; Agilent Technologies) for 30 min at 20--28°C. Thereafter, the sections were washed with TBS-t, incubated with 3,3′ diaminobenzidine (Dojindo Laboratories, Rockville, MD, U.S.A.) solution for 3 min, and counterstained with Mayer's hematoxylin. For the negative control, sections were subjected to the same procedures. The results were quantified according to the recent guidelines proposed by the American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) \[[@r17], [@r26]\].

Flow cytometric analysis
------------------------

Fresh tumor and metastatic lymph node tissues were minced with scalpels and digested in 1 mg/m*l* collagenase I (Wako, Osaka, Japan) with 0.5% bovine serum albumin at 37°C for 2 hr. Undigested tissue was removed by filtration using a 100 *µ*m mesh. Cells were incubated with 200 *µl* of 10 *µ*g/m*l* trastuzumab (Herceptin; Roche, Hertfordshire, U.K.) or without trastuzumab as negative control for 30 min at 4°C, followed by three washes in fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline containing 5% fetal bovine serum). Then, cells were incubated with anti-human IgG APC antibodies (BioLegend) diluted 1:25 for 30 min at 4°C, and washed with FACS buffer. Negative controls were also subjected to the same procedures. After live cells were gated by forward scatter/side scatter (FSC/SSC), fluorescence was measured and analyzed using a flow cytometer and its related software (BD FACSVerse™, Becton-Dickinson, Franklin Lakes, NJ, U.S.A.). Staining positivity was confirmed by negative control.

Statistical analysis
--------------------

All data are shown as means ± standard deviation (SD). The statistical methods and software used were Welch's *t*-test performed using the R software (R Development Core Team, 2018) and the beeswarm R package (Version 0.2.3, 2016). A *P*\<0.05 was considered statistically significant.

RESULTS {#s2}
=======

Evaluation of HER2 mRNA in canine ASGC and normal anal sac tissue
-----------------------------------------------------------------

mRNA expression levels of HER2 were evaluated in ASGC (n=6) and normal anal sac (n=4) tissues. The average of HER2 mRNA expression in ASGC tissue was significantly higher than that in normal anal sac tissue (HER2/GAPDH: 0.67 vs 0.05; range: 0.26--1.68, 0.02--0.24; *P*\<0.05). Although various expression levels of HER2 were confirmed in ASGC tissue, it was elevated in all ASGC tissues compared to normal anal sac tissue ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Human epidermal growth factor receptor 2 (HER2) mRNA expression in anal sac gland carcinoma (ASGC) and normal anal sac tissues. HER2 mRNA expression in ASGC tissue was significantly higher than that in the normal anal sac tissues (*P*\<0.05).).

Immunohistochemical expression of HER2 in canine ASGC
-----------------------------------------------------

A total of 25 ASGC tissue samples were collected from dogs (2 intact males, 13 castrated males, 5 intact females, and 5 spayed females) of different breeds (10 Miniature Dachshunds, 4 Chihuahuas, and 3 Toy Poodles). The mean age was 11.4 ± 2.1 (population SD), range: 6.8--15.2 years. Fifteen tumors were located on the left side and 10 on the right side; 5 cases (20%) had stage 1 disease, and 9 (36%), 8 (32%), 2 (8%), and 1 (4%) had stage 2, 3a, 3b, and 4, respectively. Immunohistochemical staining revealed broad expression of HER2 in ASGC tissue. HER2-positive ASGC tissue demonstrated strong and broad staining of the circumferential membrane of ASGC cells ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Representative images of the staining pattern of Human epidermal growth factor receptor 2 (HER2) in canine anal sac gland carcinoma (ASGC). (A, C) Circumferential membrane staining that is complete and intense in canine ASGC cells in the primary tumor (A) and metastatic lymph node (C). (B, D) Hematoxylin and eosin staining of the primary tumor (B) and metastatic lymph node (D). Scale bar, 100 *µ*m.) and were negatively stained on the peri-tumor normal cells. On the other hand, HER2 was weakly to moderately expressed in a small part of normal anal sac tissue including apocrine glands and anal sac squamous epithelia (Fig. S2). To evaluate the staining pattern of HER2 in ASGC tissues, we scored the HER2 expression based on the ASCO/CAP guidelines ([Table S1](#pdf_001){ref-type="supplementary-material"}). Representative images of the staining pattern for each score are shown in [Fig. S1](#pdf_001){ref-type="supplementary-material"}. Analysis of HER2 expression score demonstrated that 6 samples (24%) scored 3+, 14 (56%) scored 2+, and 5 (20%) scored 1+, with no samples scoring 0 ([Table 1](#tbl_001){ref-type="table"}Table 1.Human epidermal growth factor receptor 2 (HER2) scores in canine anal sac gland carcinoma (ASGC) tissueNegativePositiveScore01+2+3+Number (%)0 (0%)5 (20%)14 (56%)6 (24%)). In total, 80% of canine ASGC tissue was positive for HER2 (scored \>2+). No correlation was observed between HER2 score and clinical data. HER2 expression score and clinical diagnosis of each patient are shown in [Table 2](#tbl_002){ref-type="table"}Table 2.Characteristics of the dogs and HER2^a)^ expressionNo.Breed^b)^AgeSex^c)^Location^d)^TNM classificationClinical stageIHC^e)^ scoreIHC score^f)^(years)TNM(primary tumors)(lymph nodes)1MD9.3MCRT1N0M012+−2JRT13.7MCRT2N0M012+−3MD9.8MCLT2N0M012+−4MD12.2MCRT2N0M012+−5MD12.4MLT2N0M021+−6MD13.3MCLT2N0M021+−7GR11.5MCLT2N0M021+−8TP11.7FLT2N0M022+−9FB9.4MCLT2N0M022+−10MD9.0MCLT2N0M022+−11MD10.4MRT2N0M022+−12GR9.9MCRT3N0M022+−13CH12.0MCLT2N0M023+−14MD12.4FSLT2N1bM03a1+N/A15TP9.6FRT1N2bM03a2+316TP6.8FLT2N1bM03a2+N/A17SS11.3FSLT2N1bM03a2+N/A18MD11.1MCLT1N1bM03a3+N/A19CH14.6MCLT1N1bM03a3+N/A20BG14.3FLT2N1bM03a3+N/A21CH15.2MCLT2N1bM03a3+N/A22SI11.3FSRT2N1bM03b2+223SH11.8FRT2N1bM03b3+324MD13.4FSRT1N2bM141+N/A25CH8.3FSRT1N0M142+−a) HER2: Human epidermal growth factor receptor 2. b) MD: Miniature Dachshund, JRT: Jack Russell Terrier, GR: Golden Retriever, TP: Toy Poodle, FB: French Bulldog, CH: Chihuahua, SS: Shetland Sheepdog, BG: Beagle, SI: Shiba Inu, SH: Siberian Husky. c) MC: Male castrated, M: Male, FS: Female spayed, F: Female. d) R: Right, L: Left. e) IHC: Immunohistochemistry. f) −: No lymph node metastasis, N/A: Not available due to non-resectable tumor..

Flow cytometric assessment of trastuzumab binding to HER2 in canine ASGC
------------------------------------------------------------------------

To evaluate the surface expression of HER2 and recognition of canine HER2 overexpressed on ASGC cells by trastuzumab, fresh primary ASGC and metastatic lymph node tissues were obtained from a dog (9 years old, Miniature Schnauzer, T1N2bM0, stage3a) to assess trastuzumab binding to canine HER2. Most of the cells in the primary and metastatic tumor tissues were clearly stained by trastuzumab ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Human epidermal growth factor receptor 2 (HER2) expression in the primary tumor (A) and metastatic lymph node (B) by flow cytometric analysis (gray dotted line: negative control, black solid line: trastuzumab). The tumor cells from both the primary tumor and metastatic lymph node were positive for HER2, and trastuzumab could bind to canine anal sac gland carcinoma cells.).

DISCUSSION {#s3}
==========

Overexpression of HER2 has been reported in various human tumors and HER2 was reported to be associated with clinical prognosis such as survival time and overall survival. In dogs, HER2 was reported to be expressed in 20% of MGT patients, 40% of OSA patients, and 56% of TCC patients \[[@r5], [@r6], [@r14]\]. In this study, broad overexpression of HER2 was detected in 80% of canine ASGC patients, indicating that HER2 might potentially be a cause of malignancy in tumors and a therapeutic target in canine ASGC. As the correlation between HER2 overexpression and tumor development was reported in human patients with HER2-positive tumors \[[@r15]\], we evaluated the association of HER2 expression with clinical data in our samples. No correlation between HER2 expression and clinical characteristics such as breed, sex, clinical stage, and prognosis was observed in this study. As this study evaluated a limited number of patients with canine ASGC, further studies are required to investigate the association between HER2 expression and the malignancy of ASGC.

In human medicine, multiple drugs targeting HER2-positive tumors have been developed in the last two decades \[[@r1]\]. Trastuzumab (Herceptin) is a recombinant humanized IgG monoclonal antibody that targets the extracellular domain of HER2 \[[@r25]\]. A large clinical trial has demonstrated the improvement of clinical outcome with the addition of trastuzumab compared to chemotherapy alone, and the study reported that the administration of trastuzumab improved the disease-free survival rate at 5 years by 13% in human patients with breast cancer \[[@r22]\]. Singer *et al.* reported a 92% amino acid homology between canine and human erbB-2 (which encodes HER2) and confirmed the binding of trastuzumab to canine HER2 expressed on MGTs cells \[[@r21]\]. In our study, flow cytometric analysis showed that trastuzumab also bound to canine HER2 expressed on ASGC cells, and overexpressed HER2 was localized on the membrane. These findings indicated that trastuzumab might be useful as a therapeutic tool for canine patients with ASGC expressing HER2, such as for tumor antigen targeting therapies (e.g. cytotoxic antibody therapy of canine chimeric antibodies and chimeric antigen receptor T-cell therapy).

Lapatinib is a small molecule targeting the intracellular tyrosine kinase domain of HER2. Clinical trials of the combination therapy of lapatinib and the chemotherapeutic drug, capecitabine, in human patients with advanced breast cancers demonstrated a significant improvement of progression-free survival compared to chemotherapy alone (8.4 vs. 4.4 months) \[[@r8]\]. Lapatinib was reported to cross-react with the canine tyrosine kinase domain of HER2 \[[@r19]\] and is of relatively low cost compared to cytotoxic antibodies. Therefore, lapatinib is easily used in a clinical setting for dogs with ASGC. Although the main mechanisms of the anti-tumor effects of lapatinib were reported to be due to the inhibition of abnormal HER2 signaling, further studies are required to investigate the effects on the downstream signaling pathways of HER2, such as the PI3K/AKT and RAS/MAPK pathways, in ASGC \[[@r8]\]. Moreover, immune therapy targeting HER2 has been investigated in patients with canine tumor. Recombinant *Listeria* vaccines expressing a chimeric human HER2/neu fusion protein (ADXS31-164) were evaluated in canine OSA in a phase I trial \[[@r11]\], which demonstrated that the HER2 vaccine prevents pulmonary metastasis and prolongs survival in dogs with HER2-positive appendicular OSA. The HER2 vaccine might potentially be an effective systemic therapy in canine ASGC.

Our study demonstrated that HER2 mRNA expression in ASGC tissue was higher than that in normal anal sac tissues, and 80% of canine ASGC tissues strongly expressed HER2 on the circumferential membrane of tumor cells. Our preliminary data would lead to further evaluation of the role of HER2 in canine ASGC as a marker of malignancy and a therapeutic target in patients with canine ASGC.
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